Traveling waves in mode superposition by Sheshadri, Aditi
Traveling Waves
by
in Mode Superposition
Aditi Sheshadri
Bachelor of Engineering in Mechanical Engineering
R.V.College of Engineering, Bangalore, India (2007)
Submitted to the Department of Aeronautics and Astronautics in Partial Fulfillment of
the Requirements for the Degree of
Master of Science
at the
Massachusetts Institute of Technology
OCT 18 2:1
L; RAR 1IES
August 2009
@Massachusetts Institute of Technology 2009. All rights reserved
A u th o r.....................................................................
Aditi Sheshadri
Department of Aeronautics and Astronautics
August 20, 2009
I I A t
C ertified b y .................................................... ., .............. . .........................Cetfe.y................J..............KimVanive
J. Kim Vandiver
Professor of Mechanical and Ocean Engineering
Thesis Supervisor
/I in / /
Accepted by................................ ....
Prjavid L. Darmofal
Associate Department Head
Chair, Committee on Graduate Students
Traveling Waves in Mode Superposition
Submitted to the department of Aeronautics and Astronautics
in partial fulfillment of the requirements for the degree of Master of
Science
Abstract
Offshore marine risers are subject to Vortex Induced Vibrations (VIV) because of
ocean currents. Response prediction techniques which accurately estimate the strain
due to VIV are of help in deciding how to mitigate VIV, and also to predict the life of
the structure.
Experiments conducted in the Gulf Stream provided data about the way long flexible
cylinders respond at high mode numbers. The data from these experiments showed
that the response of long flexible cylinders is often in the form of traveling waves.
Therefore, it was necessary to develop an excitation force model which has traveling
wave characteristics. This idea has been implemented earlier using a Green's function
approach. This work presents the idea of using mode superposition along with an
excitation force model which has traveling wave characteristics. Examples of the
implementation of this method are shown. Also, examples where a combination of
standing and traveling wave excitation models are used is shown, and these agree
well with the experimental data.
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Introduction: Vortex-Induced Vibrations
Vortex-induced vibration (VIV) of structures is of practical interest to many fields of
engineering. For example, it can cause vibrations in heat exchanger tubes; it
influences the dynamics of riser tubes bringing oil from the seabed to the surface; it is
important to the design of civil engineering structures such as bridges and chimney
stacks, as well as to the design of marine and land vehicles; and it can cause large-
amplitude vibrations of tethered structures in the ocean. These are a few examples
out of a large number of problems where VIV is important.
It has long been observed that flow of a viscous fluid past a bluff body creates
vortices in its wake, which are shed alternately from both sides in a pattern called the
Karman Vortex Street.
These alternating vortices create a periodic on the bluff body which becomes
important only when their shedding frequency is close to one of the natural
frequencies of the bluff body. Then the bluff body shows resonant behavior and
vibrates with large amplitudes. The resulting vibrations are known as Vortex Induced
Vibrations or Flow-Induced Vibrations.
Figure 1: von Karman vortices streaming southward from Guadalupe Island off the west coast of
Baja California (taken from Space Science and Engineering Center, University of Wisconsin Madison,
ssec.wisc.edu)
As a fluid particle flows towards the leading edge of a bluff cylinder, the pressure in
the fluid particle rises from the free stream pressure to the stagnation pressure. The
high fluid pressure near the leading edge impels the developing boundary layers
about both sides of the cylinder. However the pressure forces are not sufficient to
force the boundary layers around the back side of bluff cylinders at high Reynolds
numbers. Near the widest section of the cylinder, the boundary layers separate from
each side of the cylinder surface and form two shear layers that trail aft in the flow.
These two shear layers move much more slowly than the outermost portion of the
layers which are in contact with the free stream, the free shear layers tend to roll up
into discrete, swirling vortices. A regular pattern of vortices is formed in the wake
that interacts with the cylinder motion and is the source of the effects called vortex
induced vibration.
Any structure with a sufficiently bluff trailing edge sheds vortices in a subsonic flow.
The vortex sheets tend to be very similar regardless of the tripping structure. Periodic
forces on the structure are generated as the vortices are alternately shed from each
side of the structure. The large amplitude vibrations induced in elastic structures by
vortex shedding are of great practical importance because of their destructive effect
on bridges, antennas, cables, and heat exchangers.
Figure 2: von Karman vortex sheet behind a circular cylinder
The periodic wake of a smooth, circular cylinder is only a function of Reynolds
number for low Mach numbers. At very low Reynolds numbers based on circular
diameter, the flow does not separate. As the Re is increased, a pair of fixed vortices is
formed immediately behind the cylinder. As Re is further increased, the vortices
elongate until one of the vortices breaks away and a period wake and staggered
vortex sheet is formed. Upto a Re of approximately 150, the vortex sheet is laminar.
At an Re of 300, the sheet is turbulent and it degenerates into fully turbulent flow
beyond approximately 50 diameters downstream of the cylinder. The Re range of 300
to approximately 3X10A5 has been called the subcritical range, because it occurs
prior to the onset of the turbulent boundary layer.
Strouhal number
The Strouhal number (S) is the proportionality constant between the predominate
frequency of vortex shedding (f,) and the free stream velocity (U) divided by the
cylinder width (D)
SUf, = D (1)
If the cylinder is inclined towards the flow, the component of flow velocity normal to
the cylinder axis is used in the above equation. The Strouhal number is a function of
geometry and Re for low Mach numbers.
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Figure 3: the dependence of Strouhal number on Reynolds number for a circular cylinder,
from Blevins'
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Vortex Induced Vibration is a self-limiting phenomenon, which means that as the
amplitude of vibration grows, the excitation force becomes weak and may even
oppose the vibration if the amplitude of vibration is large (approximately one
diameter). The direction of flow is called in-line and the perpendicular direction is
called cross-flow. For a flexible circular cylinder or a rigid cylinder with two-degrees-
of-freedom, the trajectory of the motion may vary from a figure '8' to 'C' or inverted C
or a mix of the two. The primary response frequency in the in-line direction is twice
that of the cross-flow direction.
The motion of the cylinder can cause the vortex shedding frequency (fvs) to be the
same as the cylinder response frequency. This phenomenon is called lock-in. When
lock-in happens at a frequency close to the natural frequency (fn) of the cylinder it
leads to large amplitude resonant response. For a flexible cylinder, which has
infinitely many natural frequencies, resonant response can happen over a wide range
of frequencies. For short flexible cylinders, the natural frequencies are well separated
and if the incoming flow conditions change, the resonant response may not be
sustained.
However, for a long flexible cylinder, the natural frequencies are close to one another
and even if the flow conditions change, the resonant response can switch from one
natural frequency to another.
Vortex Induced Vibrations of Marine Risers
Marine risers are long flexible cylinders with spatially varying material and geometric
properties leading to variation in their stiffness, inertia and damping characteristics.
Long flexible cylinders (depicted in Figure 4) behave in a more complicated fashion
due to the spatially varying magnitude and direction of the fluid flow. This results in
vortices being shed at different frequencies at different locations along the riser. As a
consequence the vortex-induced forcing tends to have a complicated spatial and
temporal variation. Under such circumstances a nonlinear dynamic equilibrium is
reached. This occurs as a result of a resonant matching between fluid excitation and
small amplitude response of the riser. The frequency content of the response
depends on the modal density, an intrinsic property of the riser, and the vortex
shedding bandwidth corresponding to the flow.
Vortex-induced vibration of marine risers is driven at relatively high frequencies
leading to significant damage from fatigue. Since the cross flow amplitudes are
typically larger than the inline motions by at least a factor of two, the fatigue damage
is primarily due to bending stresses arising from motions in the cross flow direction.
Thus the underlying aim of any scheme for predicting riser VIV is to estimate the riser
fatigue life corresponding to a given flow profile.
U(z)
Figure 4: Flexible cylinder under a flow profile
Motivation
It has been the expectation that the VIV response of a long flexible cylinder would
consist of multiple standing wave modes. Therefore, VIV prediction techniques model
the excitation force as a standing wave. However, the data collected from the Gulf
Stream experiments (described in the next section) show that the response does not
have standing wave characteristics. It was found that the response is actually
characterized by the presence of traveling waves.
Therefore, the excitation force model needs to be changed to one which has traveling
wave characteristics. This has been previously done using the Green's function
approach4 .
Mode superposition is a widely used method for dynamic response prediction of
structures. It has been implemented in SHEAR7 6 - a commercial VIV response
prediction Program. The current inaccuracies in response prediction which exist
because of the use of a standing wave excitation model in mode superposition could
be overcome if it were possible to implement the mode superposition technique with
a traveling wave excitation force model instead.
This work describes the use of a traveling wave excitation model in mode
superposition and shows results of response prediction for some examples.
The Gulf Stream Experiments
Two field experiments, sponsored by DEEPSTAR, were conducted in the Gulf Stream.
The first experiment was conducted in October 2004. It was relatively less successful
due to various instrumentation and system design problems. The second experiment
was conducted in October 2006.
The set-up for the experiment is shown in Figure. The experiment was conducted on
the Research Vessel F. G.Walton Smith from the University of Miami using a fiber
glass composite pipe 500.4 feet in length and 1.43 inches in outer diameter. A
railroad wheel weighing 805 lbs (dry weight, 725 lbs in water), was attached to the
bottom of the pipe to provide tension.
Spooler
Figure 5: Setup for the Gulf Stream experiments 2006
Strain gauges were used to measure the VIV response of the pipe. Eight optical fibers
containing thirty five strain gauges each were embedded in the outer layer of the
composite pipe. The gauges had a resolution of 1 micro-strain. Two fibers were
located in each of the four quadrants of the pipe, as seen in Figure It should be noted
that during the experiments, the quadrants were not necessarily aligned with the
cross-flow (CF) or in-line (IL) directions1. As a result, the gauges in all the quadrants
would typically reveal components of both CF and IL vibrations. The strain gauges in
each fiber were spaced 14 ft apart and the two fibers in the same quadrant were
placed such that their strain gauges were offset by 7 ft. This arrangement is shown in
Figure 6.
..................... . ....... ...............
Pipe Cross-section
strai) gages o Sar:±
S quadranm~e hpipe
Top end
Fiber 2 4, Sor 8
Fiber tic
Bragg strain
gages
Fiber 1, 3, 5 or7
-4ft
14ft
Figure 6: Pipe cross section and side view showing the relative orientation of fibers
and the staggered positioning of sensors.
The R/V F. G.Walton Smith was equipped with Acoustic Doppler Current Profilers
(ADCP). During the experiments, the ADCP was used to record the current velocity
and direction along the length of the pipe. Additional instrumentation included a tilt
meter to measure the inclination at the top of the pipe, a load cell to measure the
tension at the top of the pipe, a pressure gauge to measure the depth of the railroad
wheel and two mechanical current meters to measure current at the top and the
bottom of the pipe. The pipe properties are listed in Table 1.
Side View
LengthIi 50(0A ft (152.4 mn) (i-joint t> Ujoint)
Iuner Diameter (.98 in(Q.0J249 mn)
Out r Diameter 143 in(0.0363 i)
)ptical Fiber Dianeter 1.37 in(0.0310 m)
L 2.14e5 lb i,& (613 Nm)
Modulus of Elasticity (E) 1.33e6 lb/in- (9.2149 N/n 2 )
EA 747e5 lb (3.32e N)
Wighit in Seawater 0.133 lb/ft (1looded in w*tawate'r) (.942
N/mn)
Weight in air, w/trapped wateor 0.511 lb/ft (7,462 N/m)
Effective Tension at the bottom end 725 lb, submerged bottom weight (3225 N)
Material (Class. fiber re inki~reed epoxy
Table 1: Gulf Stream Experiment 2006 Pipe Properties.
Traveling waves
Mode superposition
Consider a taut string system. T is the tension in the string, p is the linear density of
the string, and L is the string total length. The excitation force is harmonic and has a
frequency of or.. This force is extended from xs to xe (both x, and xe are within [0,L]
and x5 is less than or at most equal to xe.
The governing equation for a taut string is given by
p 2 Y y a2P- r ~T Y P(x, )
8t 2  at aX2 (2)
Where y(x,t) is transverse displacement,
p denotes structural mass per unit length,
r represents damping (both structural and environmental, here it is assumed that the
damping is independent of spatial position),
T is tension and
P(x,t) is the excitation force along the string.
If the string is in water, p should include added mass and T should be the effective
tension.
Mode superposition solution
The system displacement response can be written as
y(x, t) = Y, (x)q, (t) (3)
n
Where Y (t) is the nth mode shape of the system and q,(t) is the nth modal
displacement.
Substituting this relation into the governing equation of the string and following the
standard procedure of modal analysis, leads to
M, q,(t) + R, q(t)+ Knq (t) = P(t)
Where
(4)
Mn is the modal mass and is given by Mn =
L
Y,2(x)pdx;
0
Rnis the modal damping and is given by R, = Y, 2(x)rdx (it is assumed that
damping is such that the governing equation can be decoupled);
Kn is the modal stiffness and is given by Kn
L
= -JTY,"(x)Yn(x)dx;
0
L
Pnis the modal force and is given by P(t) =f Y(x)P(x,t)dx.
0
The displacement magnitude at location x to the excitation with frequency W, (in
complex form) will be
y(x;Co,.)= 
n=1 K
PY(x)
X,
Where n = Y, (x)f (x)dx, on is the nth
(9)
natural frequency, and 4;n is the nth damping
ratio.
(5)
(6)
(7)
(8)
+ j2gnC
1 -
l )
is the frenuencv resnonse function for mode n. the
K2
1- n + j2{n
OUn OUn
magnitude of the displacement at location x is then given by
y(x; (r) = (O) (10)
Mode superposition is a widely used method for dynamic response prediction of
structures.
It has been implemented in SHEAR7 6 - a commercial VIV response prediction
Program.
The mode superposition method is fairly successful in predicting the response of
uniform or nearly uniform structures responding at frequencies corresponding to low
mode numbers (below the tenth mode). However, for structures that respond at
frequencies corresponding to high mode numbers (greater than tenth mode) such
that the waves in the structure are traveling waves and not standing waves, the
method may have limited success. The mode superposition method models traveling
wave behavior by including a large number of non-resonant modes. Ideally all the
excited non-resonant modes must be taken into account but for practical purposes
only a finite but sufficiently large number of non-resonant modes are used.
The excitation force in SHEAR7 is modeled as a standing wave as shown
P(x, t) = Re(f(x)ejo" ) (11)
The local amplitude of the force f(x) is given by
1f(x) = -pU 2 (x)DC,(A / D,V,)2 (12)
1 1I
Where p is the density of the fluid, U(x) is the local current speed, D is the diameter
of the structure and C, is the lift coefficient which is a function of the local response
amplitude to diameter ratio (A/D) and reduced velocity (Vr).
Empirical curves of lift coefficient as a function of A/D for a given Vr have been
developed by researchers over the years using data from rigid cylinder tests (e.g.
Gopalkrishnan 3, Dahl 2 ). Gopalkrishnan reported his lift coefficient estimates as a
function of A/D and non-dimensional frequency. The non-dimensional frequency is
equivalent to the reciprocal of the reduced velocity.
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Figure 7: Empirical curve for lift coefficient (CL) vs response amplitude to diameter
ratio (A/D).
The experimental lift coefficient curves of Gopalkrishnan have been incorporated into
SHEAR7. The curves have been included as table 2 in the COMMON.CL file distributed
with SHEAR7. An example of such a curve at a particular non-dimensional frequency
(or equivalently, at a particular reduced velocity) is shown in Figure. In this example,
the lift coefficient values are positive for A/D values from 0 to 0.9 and negative above
0.9. The negative lift coefficient values for higher A/D values signify the self limiting
nature of VIV.
Dominance of traveling wave response in strain data
Prior to the Gulf Stream experiments, it was expected that the VIV response of the
long flexible cylinder towed in sheared current would consist of multiple standing
wave modes and frequencies responding simultaneously. However, once the data
from the second Gulf Stream experiment was analyzed, it became evident that the
response does not have any standing wave characteristics. It was found that the
response is characterized by the presence of traveling waves.
20061023205557: Quadrant 4, 1X only
71.5 72 72.5
Time (s) 73 73.5 74 74.5 75
Figure 8: A five-second-long sample of 1X time series at all sensor locations in quadrant 4 for
case 20061023205557. The arrows trace the propagation of a crest in space and time. In this
case, the wave travels from the bottom end towards the top end.
The presence of traveling waves in the measured response can be inferred by
observing the frequency content of the Power Spectral Density of strain at different
1
0.9
5 0.8
E
0
0.7
0 0.6
c 0.5
0
Un0 0.4
0.3
0.2
I J100
0.1
0 L.L- AJ.-
70 70. 71 4gi
-100
-200
-300
-400
-500
............ ..............................:::..M:,:,  .
locations and the spatial variation of the cross-flow strain. For example, consider the
PSD at three different locations shown in Figure 9. The location of the sensors is
marked with blue circles in Figure 9. It can be seen that even though the local current
speed is different at all of these locations, the 1X frequency peak in all the PSDs is the
same. Additionally, the cross-flow strain spatial variation is smooth, i.e. it does not
have any peaks and troughs that are associated with standing wave response. This
indicates that the vibrations originate in one region and propagate to another
location in the form of traveling waves.
20061022153003: Quadrant 4, 1X only
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Figure 9: A five-second-long sample of 1X time series at all sensor locations in quadrant 4 for
case 20061022153003. In this case, the wave travels away from the potential power-in
region towards the top and bottom end.
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A better way of demonstrating the presence of the traveling waves is to plot the time
series of the measured strain in one of the quadrants at all sensor locations (Marcollo
et. al. 5). An example of such a plot for data from test case 20061023205557 is shown
in Figure 9. The strain time series was filtered so that only the 1X frequency content
remains in the signal. The colors represent the instantaneous amplitude of the
measured strain. For example, red indicates a strong positive strain, while blue
indicates strong negative strain. The horizontal axis is the passage of time in seconds.
The vertical axis, z/L, is the non-dimensional axial location on the riser from bottom
(z/L = 0) to top (z/L = 1).
If one scans horizontally across the figure at, for example, z/L=0:20, one sees
alternating red and blue which indicates that at that location the strain gauge
measured an oscillation in strain at the 1X frequency of 5.60 Hz. As one scans the
figure vertically from z/L=0.1 to 0.7, diagonal rows of constant color are quite
conspicuous (marked by the arrows in the figure). These are the crests of bending
waves racing up the riser. From the slope of the diagonal rows, the propagation
speed may be estimated at approximately 150 ft/s.
Modeling the excitation force as a traveling wave in mode superposition
It has been seen that the response of long flexible cylinders is characterized by the
presence of traveling waves.
The excitation force is shear 7 is modeled as a standing wave as shown in equation
13.
P = Re(f(x)e") (13)
In order to add the necessary traveling wave characteristic to the response, it is
necessary to modify the excitation force model and introduce a function which
models a traveling wave. Traveling waves in general have the form
P = f(kx - cot) or (14)
P = f(kx+ cot)
depending on whether the wave is a left traveling or a right traveling wave. A simple
example would be
P = f (x)ej" , which can also be written as
P = f(x)(cos cot + jsin cot). (15)
In the case of f(x) being a sinusoid, P can be written as
P = sin kx(cosot + jsin cot). (16)
The introduction of the second term, j sin cot adds a traveling wave characteristic to
the term on the right hand side.
Beginning with the governing equation for a taut string,
p y+r T Y =P(xt)
Pt2 at x2 (17)
And writing P(x, t) = sin kx(cos ot + jsin wt),
The displacement response is written as
y(x, t) = 1 Y, (x)q,, (t)
(18)
Where Y,(t) is the nth mode shape of the system and q,(t) is the nth modal
displacement.
Substituting this relation into the governing equation of the string and following the
standard procedure of modal analysis, leads to
M, q, (t) + Rn q, (t) + Kqn (t) = P (t) (19)
In this case, the modal force n(t)
is given by
L
P,(t) = Y(x) sin kxeag'dx
(20)
The displacement magnitude at location x to the excitation with frequency W, (in
complex form) will be
P Yn(x)
n=]K
+ j1gn
(21)
Where the modal force is computed from the equation given above.
Assuming the mode shapes are sinusoids,
_(OI 
Jr )2
COn
The modal mass M, is given by Mn = m*L /2 where m is the mass per unit length of
the string and L is its total length,
The modal stiffness Kn is given by Kn= T * (n *c /L) 2 *L/2, (22)
where T is the tension, and L is the length,
The natural frequency is given by co, = K, /M, and (23)
The frequency ratio is given by r = co,, (24)
Consider a finite string with the following properties:
Length = 152.4 m;
Diameter = 0.036322 m;
Mass per unit length= 1.2588 kg/m;
Tension = 3225 N;
Damping ratio = 0.03;
Figures below show
(i) Magnitude and phase of the modal amplitude
(ii) Magnitude and phase of the modal forces
(iii) RMS strain and A/D
for the two cases where the power-in region is from x/L=O to x/L=0.2 and x/L=0 to
x/L=0.4. All values are plotted for both the standing and the traveling wave
excitations.
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Figure 13: RMS strain and A/D
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Figure 14: Magnitude and phase angle of the modal amplitude
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Figure 17: RMS strain and A/D
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Gulf stream data shows that the location of the power-in region relative to the
boundary (the ends of the pipe) affects the dynamic response of the system. The two
distinct cases of the location of the power in region with respect to the boundary are
the power-in region adjacent to the boundary and the power-in region away from the
boundary.
In the case of the power-in region adjacent to the boundary, the following test case is
considered :
20061023200@
Figure 18: current profile and reduced velocity for Miami case 200610232055557
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Figure 19: measured 1X RMS strain
Figures above show the current profile, reduced velocity and measured 1X RMS strain
for the Miami case 20061023205557.
The parameters used in the mode superposition implementation were as follows:
Total length = 150 m
Diameter = 0.03622 m
Tension = 3225 N
Damping ratio = 0.03
Mass per unit length = 1.2585
The excitation force was modeled as a single frequency sinusoid.
For this test case, applying the mode superposition method with the excitation
modeled as standing and traveling waves of a single frequency over the entire
power-in region (from x/L=0 to x/L=0.2) leads to the following results:
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Figure 20: A/D result for mode superposition with separate standing and traveling wave
excitations applied across the entire power-in region.
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Figure 21: RMS Strain for the above case.
The response to the traveling wave excitation does not show the standing wave
response near the boundary. This is to be expected, since the traveling wave
excitation model leads to a response in which the waves are traveling in the same
direction as the force. Since there are no waves traveling towards the boundary
(away from the force), no reflection takes place at the boundary and therefore it does
not show standing waves.
Therefore, the correct approach is to use a combination of standing and traveling
wave excitations in the power-in region. The excitation force near the boundary is
modeled as a standing wave and a traveling wave excitation model is applied to the
part of the power-in region that is away from the boundary.
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Figure 22: A/D for standing wave excitation from x/L=O to x/L=O.1 and traveling wave
excitation from x/L=Q.1 to x/L=O.2.
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Figure 23: RMS strain for a standing wave excitation from x/L=O to x/L=O.1 and a traveling
wave excitation from x/L=O.1 to x/L=0.2.
The figures above show the A/D and RMS strain when the excitation force within the
power-in region is modeled as a standing wave close to the boundary (i.e. from x/L=O
to x/L=0.1) and a traveling wave for the rest of the power-in region (x/L=O.1 to
x/L=0.2). There are now qualitative similarities with the measured response.
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In the case of the power-in region that is away from the boundary, the following test
case is considered:
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Figure 25: measured 1X RMS strain
In this case the power-in region is from x/L=0.2 to x/L=0.4. The excitation force model
used in this case was the following: standing wave model from x/L=0.25 to x/L=0.35,
and the traveling wave model from x/L=0.2 to 0.25 and x/L=0.35 to 0.4. The mode
superposition solution is shown below:
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Figure 26: RMS strain for the case with power-in from x/L=0.2 to x/L=0.4. standing wave
excitation is used from x/L=0.25 to x/L=0.35, and traveling wave excitation is used between
x/L=0.2 to 0.25 and x/L=0.35 to 0.4.
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Figure 27: A/D for the case with power-in from x/L=0.2 to x/L=0.4.
Fourier analysis of a non sinusoidal excitation force
In the case where the excitation force is not a single frequency sinusoid, it becomes
necessary to decompose the given excitation force using Fourier series. The
excitation force is written as a summation of various sine and cosine terms as shown:
N N
P(x) = a, cosx + a sin kx
i=1 (25)
If the excitation is specified as a vector of numerical values, it is necessary to take the
discrete Fourier transform, and if the functional form of the force is known, then the
known Fourier transform of the function can be used.
Once the force has been written as a series consisting of sine and cosine terms, to
each of the terms another term is added to make it have the feature of a traveling
wave; i.e. for a term of the form a, sinkx the term jai coshx is added, and for a term
of the form a, cosx the term
ja, sinkx is added. This makes it possible to model an excitation force which is not in
the form of a single frequency sinusoid.
In the case of an excitation force which looks like a square wave, results for the same
example as considered above are shown below:
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Figure 28: A/D for a square wave excitation. Standing wave model from x/L=O to x/L=O.1 and
traveling wave model from x/L=O.1 to x/L=0.2.
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Figure 29: RMS Strain for a square wave excitation. Standing wave model from x/L=O to
x/L=O.1 and traveling wave model from x/L=O.1 to x/L=O.2.
Conclusions and future work
The response of long flexible cylinders which is often in the form of traveling waves
can be predicted well using an excitation force model which has traveling wave
characteristics in the mode superposition technique. A suitable combination of
standing and traveling wave models for the excitation force used in mode
superposition predicts a response which is close to the actual data obtained from
experiments.
It would be useful to implement the idea of using a traveling wave excitation model
in the VIV prediction program SHEAR7 (which is based on mode superposition). A first
step would be to develop a post processor based on the outputs of SHEAR7.
It would also be informative to study the problem of what combination of standing
and traveling wave excitations needs to be used in the power-in region.
It would be interesting to test the results of this method against a larger number of
experimental examples, to further optimize the technique.
Appendix
MATLAB Code for mode superposition
L = 150;
dia = 0.03622;
x = [0:0.5:L];
xByL = x/L;
T = 250;
zeta = 0.03;
m = 1.2585;
f = 4;
psi = [0.0 :0.01:0.1]*L;
psi2=[0.1: 0.01: 0.2]*L;
FspaceMode = 30; %
force
FfreqMode = 30; %
% length of string in meter;
% diameter in meter
%vector of points at which response is to be
computed
% Tension in Newton
% Damping ratio
% mass per unit length in kg/m
% frequency of the load in Hz
%location of the load, between 0 and L
Mode number for spatial distribution of
Mode number for frequency of force, the
excitation frequency will be multiple of first
natural frequency, this need not be an
integer.
Pstanding = sin((FspaceMode*pi/L)*psi); % magnitude of the load in N/m
Ptraveling = sin((FspaceMode*pi/L)*psi2)+j*cos((FspaceMode*pi/L)*psi2);
% magnitude of the load in N/m
no = 60; % Number of modes to be used in
superposition.
n = [1:1:no];
%============End Inputs====================== --- ===------
delpsi = psi(2)-psi(1);
delpsi2=psi2(2)-psi2(1);
wl = sqrt(T/m)*(pi/L);
w = FfreqMode*wl;
% first natural frequency
% Frequency in rad/s
responsey standing = [];
responseyxxstanding = [];
responsey traveling = [];
responseyxxtraveling =
for loopX = 1:length(x);
responseq_standing =[];
responseq_traveling =[;
responseS =[];
responseSxx = [] ;
for loopN = 1:length(n);
M = m*L/2;
K = T*(loopN*pi/L)A2*L/2;
on = (K/M)AO.5;
r = w/wn;
% Modal mass
% Modal stiffness
% Natural frequency
% Frequency ratio
for loopP = 1:length(Pstanding);
modalForceStanding = sum(Pstanding.*(sin(loopN*pi*psi/L)))*delpsi;
modalForceTraveling sum(Ptraveling.*(sin(loopN*pi*psi2/L)))*delpsi;
end; % loopP
q_standing = modalForceStanding*(1/K)/((1-rA2)+(2*zeta*r*i));
q_traveling = modalForceTraveling*(1/K)/((1-rA2)+(2*zeta*r*i));
S = sin(loopN*pi*x(loopX)/L);% changed loopX to x(loopX)
Sxx = -((loopN*pi/L)A2)*sin(loopN*pi*x(loopX)/L);%
responseqstanding = [responseqstanding;qstanding];
responseqtraveling = [responseqtraveling;qtraveling];
responseS = [responseS;S];
responseSxx = [responseSxx;Sxx];
end; % loopN
y_standing = [responseq standing]' * responseS; % moved out of loopN
yxx_standing = [responseqstanding]'*responseSxx; % moved out of loopN
responsey_standing = [responseystanding;ystanding];
responseyxx_standing = [responseyxxstanding;yxxstanding];
y_traveling = [responseq traveling]' * responseS; % moved out of loopN
yxxtraveling = [responseqtraveling]'*responseSxx; % moved out of loopN
responsey_traveling = [responsey traveling;ytraveling];
responseyxx_traveling = [responseyxx_traveling;yxx traveling];
end; % loopX
AbyDstanding = abs(responseystanding)/dia;% response amplitude /diameter
strainstanding = (1e6)*abs(responseyxxstanding)*dia/2; % strain in micro strain.
1e6 converts strain to micro strain
RMSstrainstanding = strainstanding/sqrt(2); % Root mean square
strain
AbyDtraveling = abs(responseytraveling)/dia; % response amplitude
/diameter
straintraveling = (1e6)*abs(responseyxxtraveling)*dia/2;% strain in micro strain.
1e6 converts strain to micro strain
RMSstraintraveling = strain traveling/sqrt(2); % Root mean square
strain
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